Near-isogenic hybrids (NIHs), developed from crossing maize (Zea mays L.) backcross-derived lines (BDLs) differing for the parental alleles at a major QTL for leaf ABA concentration (L-ABA), were field-tested for 2 years under well-watered and water-stressed conditions. Differences among NIHs for L-ABA and other morpho-physiological traits were not affected by water regimes. On average, the QTL allele for high L-ABA markedly reduced stomatal conductance and root lodging. To elucidate the effects of the QTL on root architecture and L-ABA, root traits of two pairs of BDLs were measured in plants grown in soil columns at three water regimes. Differences among BDLs were not affected by water regimes. Across water regimes, the QTL confirmed its effect on L-ABA and showed a concurrent effect on root angle, branching, number, diameter, and dry weight. Based on these results, it is concluded that the QTL affects root lodging through a constitutive effect on root architecture. In addition, there is speculation that the QTL effects on root traits and L-ABA are probably due to pleiotropy rather than linkage and a model is proposed in which the QTL has a direct effect on root architecture, while indirectly affecting L-ABA.
Introduction
The application of QTL (Quantitative Trait Locus) analysis and other genomics approaches provide unprecedented opportunities with which to identify the chromosome regions controlling variation in the adaptive response to water stress and, eventually, to clone the gene/s responsible for such variation. The positional cloning of a QTL takes advantage from the availability of NILs (Near Isogenic Lines) for the target QTL (Paran and Zamir, 2003) . In addition, the availability of NILs for a specific QTL allows an in-depth characterization of the QTL effects on a number of traits which, in turn, facilitates the elaboration of models and hypotheses on their cause-effect relationships (Tuberosa et al., 2002) .
Among the plethora of quantitative traits affecting drought tolerance, particular attention has been devoted to the concentration of abscisic acid (ABA), in view of its pivotal role in regulating other molecular and morphophysiological processes involved in the adaptive responses of crops to an insufficient water supply (Quarrie, 1991; Tuberosa et al., 1994; Sanguineti et al., 1996; Sharp et al., 2004) , particularly during the reproductive stage (Saini and Westgate, 2000; Wang et al., 2002; Boyer and Westgate, 2004) . Previous studies conducted in maize (Zea mays L.) by Lebreton et al. (1995) and by Tuberosa et al. (1998) indicated that the concentration of ABA in the leaf (L-ABA) is a complex trait controlled by several QTLs. In particular, Tuberosa et al. (1998) detected 16 QTLs for L-ABA by analysing 80 F 3:4 families derived by the cross between inbred lines Os420 (high L-ABA parent) and IABO78 (low L-ABA). The most important QTL was identified by the RFLP marker csu133 on chromosome 2 (bin 2.04) and accounted for 32% of the phenotypic variation for the trait. The importance of this QTL was confirmed in a subsequent work of divergent selection for L-ABA conducted in the F 2 population derived from the same cross (i.e. Os4203IABO78). In fact, the allele at the RFLP locus csu133 provided by the low L-ABA parent was fixed in the eight F 3:4 lines selected for low L-ABA, while it was present in only one of the eight F 3:4 lines selected for high L-ABA (Landi et al., 2005) .
To gain more thorough information on the effects of the QTL in question on L-ABA and other traits, NILs were developed at this QTL following a marker-assisted backcross procedure. Backcross-derived lines (BDLs) were obtained for both parental inbreds Os420 and IABO78. These BDLs were then tested in the field under both waterstressed and well-watered regimes, which allowed the effect of the QTL on L-ABA to be validated (Landi et al., 2005) . For a cross-pollinated species like maize, the agronomic performance of inbred lines per se is highly affected by inbreeding depression, especially for those traits (like grain yield) largely influenced by non-additive gene actions. Therefore, to achieve a more accurate evaluation of the effects of a particular QTL on heterotic traits the investigation should, preferably, be carried out using near-isogenic hybrids (NIHs), which can be obtained by crossing BDLs at the same target region introgressed in different genetic backgrounds. According to the BDLs used as parents, NIHs are either homozygous or heterozygous at the target QTL region, while being heterozygous for most of the remaining portion of the genome. In this case, the availability of BDLs for the QTL near csu133 in the Os420 and IABO78 backgrounds made it possible to obtain NIHs in order to evaluate the effects of the QTL on heterotic traits.
The study presented here was conducted using two water regimes on the NIHs among such BDLs in order (i) to obtain an evaluation unbiased by inbreeding depression of the effects of the QTL on L-ABA and other physiological and agronomic traits, and (ii) to assess whether these effects are influenced by the level of water stress experienced by the plants grown in the field. Two pairs of BDLs were also tested in the greenhouse using three water regimes, in order (iii) to gather further information on the QTL effects in plants grown under controlled conditions, and (iv) to evaluate the QTL effects on root characteristics. This latter objective was suggested by a preliminary observation (Landi et al., 2005 ) that a pair of NIHs differed markedly for root lodging resistance.
Materials and methods

Plant materials
The development of the BDLs for the target QTL close to csu133 is summarized here; a more detailed description has been provided by Landi et al. (2005) . Two parallel backcross programmes were developed by the cross Os4203IABO78. In one programme, Os420 was the recurrent parent and IABO78 the donor of the decreasing allele (ÿ) for L-ABA at the target QTL; in the other programme, IABO78 was the recurrent parent and Os420 the donor of the increasing allele (+) for L-ABA. Five backcross cycles were followed by two selfing cycles, so that the BDLs finally developed were BC 5 F 3 lines. Throughout the two parallel backcross programmes, two molecular markers flanking the target QTL were used to identify the desired genotypes. Starting from BC 2 , two families were grown for each backcross programme; each family was developed by one ear harvested in BC 1 and was identified by the suffix .1 and .2. Consequently, four couples of BDLs were finally produced, i.e. Os420.1 (+/+) and (ÿ/ÿ), Os420.2 (+/+) and (ÿ/ÿ), IABO78.1 (+/+) and (ÿ/ÿ), and IABO78.2 (+/+) and (ÿ/ÿ). The four Os420 BDLs were factorially crossed to the four IABO78 BDLs, thus producing 16 nearisogenic hybrids (NIHs). At the target QTL, four of these NIHs were homozygous (+/+), four were homozygous (ÿ/ÿ), and eight were heterozygous (+/ÿ).
Field evaluation of NIHs
The 16 NIHs were tested at Cadriano (448 339 N lat., E long., Po Valley, Northern Italy) for two years (2002 and 2003) and with two water regimes. In each year, two trials were conducted in the same field; they were separated by a 4-m-wide alley and by three border rows on each side. The two trials differed only for the irrigation volumes, which corresponded either to 120% or to 40% of the estimated evapotranspiration after accounting for rainfall. The crop evapotranspiration was calculated by following the procedure described in detail by Landi et al. (1995) . For each trial, the field design was a randomized complete block with four replicates; plots were 3.06 m long single rows separated by 0.80 m from adjacent rows.
Trials were sown on 29 April 2002 and 28 April 2003; c. 40 d later plots were thinned leaving 11 plants per plot (corresponding to 4.5 plants m ÿ2 ). Plants were grown following the field practices locally adopted. In particular, fertilizer rates were 200 kg ha ÿ1 of N (half applied before sowing and half after thinning) and 44 kg ha ÿ1 of P (all before sowing); K was not applied because of its high availability in the soil. Weeds were controlled mechanically and by hand. Irrigation was applied from the mid-end of stem elongation to the end of silking (i.e. from V14-15 to R1 stage, according to Ritchie et al., 1997) . Total irrigation volumes corresponding to 120% of evapotranspiration were 54 mm and 90 mm in 2002 and 2003, respectively, while the irrigation volumes corresponding to 40% of evapotranspiration were 18 mm and 30 mm, respectively. Trials were hand-harvested on 3 September 2002 and 3 September 2003; then, ears were dried down in an aired storage room and shelled when a constant moisture was attained.
The following traits were measured: (i) L-ABA, on leaf samples (third leaf from the top) collected at the mid-end of pollen shedding (i.e. between VT and R1 stages). Leaf samples were collected from 09.00 h to 10.00 h, immediately frozen and stored at ÿ20 8C until ABA analysis was carried out. L-ABA was measured on duplicate samples per plot using an ABA-specific monoclonal antibody, as described in Tuberosa et al. (1998) ; (ii) leaf relative water content (RWC), measured on the same leaf sample used for L-ABA and following the procedure described by Sanguineti et al. (1999) . RWC was computed as (fresh weightÿdry weight)/(turgid weightÿdry weight)3100; (iii) stomatal conductance (SC), analysed on the second leaf from the top at VT-R1 stage. Leaves were analysed from 09.00 h to 11.00 h; a steady-state porometer (model LI-1600 Li-Cor) was utilized following the procedure described by Sanguineti et al. (1999) ; (iv) leaf water potential (WP) measured at the same time and on the tip of the same leaf blades used for measuring SC; a pressure chamber was used following the procedure described in Landi et al. (2001) . SC and WP were investigated only on two pairs of NIHs homozygous at the target QTL, i.e. Os420.1 (+/+)3IABO78.2 (+/+) and the counterpart Os420.1 (ÿ/ÿ)3IABO78.2 (ÿ/ÿ); Os420.2 (+/+)3IABO78.2 (+/+) and the counterpart Os420.2 (ÿ/ÿ)3 IABO78.2 (ÿ/ÿ); (v) pollen shedding date, assessed when 50% of plants per plot had extruded anthers; (vi) anthesis-silking interval (ASI), as the difference between silking date (assessed when 50% of plants per plot had extruded silks) and the pollen shedding date; (vii) plant height, measured at the flag leaf collar; (viii) root lodging, consequent upon strong windstorms which occurred c.10 d after silking (i.e. the beginning of the R2 stage) in 2002 and at mid-stem elongation (V10-V11 stage) in 2003. Plants leaning more than 308 from the vertical were counted as lodged; (ix) grain yield, and (x) kernel weight (as a mean of 200 kernels) both adjusted to 15.5% moisture; and (xi) number of kernels per plant, calculated as the ratio between grain yield per plant and kernel weight. In each plot, leaf samples and data were collected on the central plants; in particular, the number of sampled plants was three for SC and WP, five for L-ABA, RWC, and plant height, and seven for flowering dates, root lodging, grain yield, and its components.
Greenhouse evaluation of BDLs
To obtain further information on the QTL effects on L-ABA concentration and morpho-physiological traits as well as to investigate the QTL effect on root characteristics in relation to the level of water stress, two pairs of BDLs [Os420.2 (+/+) and (ÿ/ÿ); IABO78.2 (+/+) and (ÿ/ÿ)] were tested in the greenhouse with three water regimes. Seeds were surface-sterilized and placed in Petri dishes at ambient temperature in the dark. After 48 h, seedlings at a similar germination stage were transferred in soil columns (diameter 44 cm, height 1 m) holding 27 kg of peat:sand sifted mixture 1:1 v/v for growing until flowering (VT-R1 stage). Twelve plants (i.e. four plants3three water regimes) were grown for each BDL under the following conditions, day: 16 h, 26-28 8C, with supplemental light 500 lE m ÿ2 s ÿ1 photosynthetic photon flux density; night: 16 8C. To achieve different levels of water stress, irrigation was interrupted at subsequent times (i.e. plants at the V8 stage to obtain the severe stress and at the V11 stage for the moderate stress) while irrigation was continued up to tassel appearance (i.e. a few days before VT) for the well-watered treatment. Plants were distributed according to a completely randomized design and their position was periodically changed.
At flowering (VT-R1), data were taken at the single plant level for: (i) L-ABA concentration and (ii) RWC on the central part of the third leaf from the top; (iii) WP on the tip of the third leaf from the top; (iv) plant height; and (v) shoot dry weight. Traits (i) to (iv) were measured as described for the NIHs in the field. To carry out root analyses, the soil level was marked on the stem, the plants were then removed from the pots, and the soil mix was gently removed from the roots by washing. For both the first node above the soil level (A) and the first node below the soil level (B) data were taken for (vi) root number per node (for node A, only elongated and branched roots were taken into account); (vii) root diameter at 5 mm from the stem; (viii) root length; (ix) root angle of growth from the vertical (08) using a protractor; (x) root branching, scoring for the lateral roots emerging from the whole crown roots, from 0 (no branching) to 9 (maximum branching); (xi) dry weight of the whole root system (i.e. considering roots from all the above-and below-soil nodes); and (xii) root dry weight/shoot dry weight. Root diameter, length, and angle were measured on three random roots per node.
Statistical analysis
For field experiment on NIHs, the analysis of variance (ANOVA) was conducted on the plot mean values of each trial and then combined across trials. Prior to ANOVA, the data of root lodging percentage were subjected to angular transformation (Steel and Torrie, 1980) . The variation among the four trials was partitioned as between years, between water regimes (i.e. 120 versus 40% irrigation volumes) and water regime3year interaction. The variation among the 16 NIHs was analysed by following two alternative procedures providing complementary information. The first procedure was followed in order to obtain information on the average additive and dominance effects of the QTL in question. In particular, the variation among NIHs was partitioned into variation among the three groups of NIHs defined on the basis of their genotype at the target QTL [i.e. (+/+), (ÿ/ÿ) and (+/ÿ)] and residual. The variation among the three groups was further subdivided into (+/+) versus (ÿ/ÿ), estimating the average additive effect of the QTL, and (+/ÿ) versus [mean value of (+/+) and (ÿ/ÿ)], estimating the average dominance effect. The second procedure was followed in order to obtain information on the contribution of each BDL family to the average additive effect. In particular, the variation among the 16 NIHs was partitioned into effects of general combining ability (g.c.a.) due to the four parental BDLs derived by Os420, effects of g.c.a. due to the four parental BDLs derived by IABO78, and effects of specific combining ability (s.c.a.). It should be noted that the g.c.a. of a line is related to its mean performance across its hybrids, while the s.c.a. of a hybrid is related to the deviation between the observed and the expected performance based on the g.c.a. of the two parental lines (Falconer and Mackay, 1996) . Effects of g.c.a. are mainly due to additive gene action while effects of s.c.a. are due to non-additive gene actions (mainly dominance). For both Os420 and IABO78 backgrounds, the g.c.a. effects were then partitioned into (+/+) versus (ÿ/ÿ) BDLs within the first family (thus estimating the additive effect of the QTL in the first family), (+/+) versus (ÿ/ÿ) BDLs within the second family (additive effect of the second family), and between families. All the interactions involving hybrids were partitioned following the two alternative procedures. The effects of years were considered as random and the effects due to irrigation volumes and hybrids as fixed; therefore, the F-test for irrigation volumes and hybrids was made by using, as denominator, the corresponding interactions with years in case such interactions were significant.
For SC and WP, which were investigated on only two pairs of NIHs, the variation among hybrids was partitioned following the first procedure only, i.e. as between (+/+) and (ÿ/ÿ) groups and residual.
With respect to the greenhouse experiment on BDLs, the ANOVA was conducted on the data collected on the 48 plants (i.e. on the single shoot or root data or the mean value of the three roots per node). The variation among the 12 entries (i.e. three water regimes3four BDLs) was partitioned into among water regimes, among BDLs, and water regime3BDL interaction. The among BDLs was then partitioned into between families of BDLs, i.e. Os420.2 versus IABO78.2, between the two groups of BDLs differing for the QTL [i.e. (+/+) versus (ÿ/ÿ)], and the interaction (Os420.2 versus IABO78.2)3[(+/+) versus (ÿ/ÿ)]. For the F-test a fixed model was adopted and the among plants within entry was used as the error term.
Results
Field evaluation of NIHs
The ANOVA (not shown) indicated that the first and second order interactions involving years were significant only in a few instances; for this reason and for the sake of conciseness only mean values across years are presented and discussed. The comparison between the mean values of the two water regimes across years and hybrids was highly significant (P <0.01) for most traits, with the exception of RWC, pollen shedding date, and kernel weight ( Table 1) . As compared with the well-watered treatment, the water-stressed treatment led, as expected, to an increase in L-ABA and ASI as well as to a decrease in stomatal conductance (SC), leaf water potential (WP), plant height, root lodging, grain yield, and number of kernels per plant.
The water regime3NIH interaction was significant (P <0.05) only for L-ABA and due to magnitude effects rather than changes in rank; in fact, when the ANOVA was conducted on the L-ABA data previously subjected to logarithmic transformation (data not shown), the interaction was not significant. The significance of the water regime3 NIH interaction of the L-ABA original data was solely due to the component water regimes 3 [(+/+) versus (ÿ/ÿ)]. Under well-watered conditions the mean values for the (+/+) and (ÿ/ÿ) groups of NIHs were 373 and 290 ng ABA g ÿ1 DW, respectively, while under water-stressed conditions the corresponding values were 554 and 405 ng ABA g ÿ1 DW, respectively (Table 2) . Therefore, the average additive effects of the investigated QTL [calculated as half the difference between the means of the (+/+) and of the (ÿ/ÿ) groups] were 42 ng ABA g ÿ1 DW for the well-watered and 75 ng ABA g ÿ1 DW for the waterstressed conditions. These additive effects correspond to 12.5% (well-watered) and to 15.5% (water-stressed) as referred to the mean value of the two groups of NIHs in each water regime.
The differences among NIHs across years and water regimes were highly significant (P <0.01) for L-ABA, SC, and kernel weight, and significant (P <0.05) for root lodging; by contrast, for traits like plant height and grain yield differences were not significant. The comparison between the (+/+) and (ÿ/ÿ) groups largely accounted for most of the variation among NIHs for L-ABA (91.5%), for SC (87.8%), and for root lodging (73.7%), while the (+/+) and (ÿ/ÿ) groups had a much smaller effect on kernel weight (3.7%). The mean values of the (+/+) and (ÿ/ÿ) groups are presented in Table 2 . The average additive effects calculated from these mean values were 58 ng g ÿ1 DW for L-ABA [corresponding to 14.3% of the (+/+) and (ÿ/ÿ) mean], ÿ0.03 cm s ÿ1 for SC, ÿ12.9% for root lodging, and ÿ4 mg for kernel weight.
For all traits, the mean value of the (+/ÿ) group of NIHs did not significantly differ from the mean of the (+/+) and a Calculated as the halved difference between the mean values of the (+/+) and (ÿ/ÿ) groups. *, **, Significant at P <0.05 and at P <0.01, respectively; ns, not significant.
b Mean value of the (+/+) and (ÿ/ÿ) NIHs. c Calculated as the difference between the mean values of the (+/ÿ) and [(+/+) and (ÿ/ÿ)] groups. *, **, Significant at P <0.05 and at P <0.01, respectively; ns, not significant.
d Measured on only two (+/+) NIHs and the two corresponding (ÿ/ÿ) NIHs. e 1=June 1st. f Data refer to actual percentages, while the ANOVA was conducted on the angular transformed data.
(ÿ/ÿ) groups (Table 2) , thus indicating negligible dominance effects for the QTL in question.
The alternative procedure followed in order to analyse the differences among the 16 NIHs, pointed out that the significance of such differences was due only to g.c.a. effects of the parental BDLs, because the s.c.a. effects were not significant for any trait. This latter finding further suggests that the target QTL does not exert important dominance effects for the investigated traits, consistent with the results seen previously. Because of the large prevalence of g.c.a. effects, the mean values of each NIH are not reported and only the mean values of the parental BDLs across their hybrids are reported in Table 3 for those traits which showed significant differences among NIHs (BDLs' mean values for SC are not reported in Table 3 , despite the highly significant differences among NIHs, because only four NIHs were tested). For L-ABA, the differences between the (+/+) and (ÿ/ÿ) BDL mean values within each family (representing the additive effects) were always highly significant and positive, thus indicating that the four families consistently contributed to the average additive effect (58 ng ABA g ÿ1 DW) previously reported. For root lodging, the (+/+) versus (ÿ/ÿ) BDLs within each family was significant or highly significant for all families except for IABO78.2; however, all the additive effects were negative and of rather similar values, indicating that, analogously to L-ABA, the four families consistently contributed to the average additive effect (ÿ12.9%) previously reported.
For kernel weight, the difference between the (+/+) and (ÿ/ÿ) BDLs within family was positive and statistically negligible for the two Os420 families, negative and statistically negligible for the IABO78.1 family, and negative and highly significant for the IABO78.2 family. These findings indicate a lack of consistency among such differences and that the average additive effect previously seen (i.e. ÿ4 mg) was mainly due to the contribution of only one family (IABO78.2).
For L-ABA, the relationship was investigated between the 16 NIHs tested here and the corresponding parental means of the BDLs tested per se in our previous study (Landi et al., 2005) . The correlation coefficient was highly significant under well-watered (r=0.65) and water-stressed conditions (r=0.82), as well as across the two water regimes (r=0.77). These data thus indicate that the capacity to predict the NIHs' performance, based on the performance of their parental BDLs, is quite satisfactory (especially under the water-stressed conditions; r 2 =67.2%); this is consistent with the prevalence of additive gene action already mentioned for the target QTL.
The relationship (across the two water regimes) between the L-ABA mean value of each hybrid and the corresponding root lodging mean value was also investigated. The correlation coefficient was sizeable and highly significant (r= ÿ0.88), indicating that a large proportion (r 2 =76.9%) of the variability among NIHs for one trait was accounted for by its linear relationship with the other.
Greenhouse evaluation of BDLs
The ANOVA (not shown) indicated that the comparison between the mean values of the three water regimes was highly significant (P <0.01) or significant (P <0.05) for several traits. As expected, the water-stressed treatments in comparison with the well-watered treatment (Table 4) led to an increase in L-ABA (i.e. 228, 756, 1078 ng g ÿ1 DW in the well-watered, moderate stress, and severe stress conditions, respectively) and to a decline in RWC, WP, and plant height. The level of water stress also affected the number of roots per node A (i.e. first node above the soil level) and the root length for node A, leading to a decline for both traits. The interaction of water regime3BDL was not significant for any trait, with the exception of L-ABA for which an interaction due to magnitude effects was observed, analogous to what was found for NIHs in the field. In fact, differences among BDLs for L-ABA were larger with the two water-stressed treatments than with the well-watered treatment (for conciseness data are not shown).
The comparison between the families of BDLs, i.e. Os420.2 versus IABO78.2, was highly significant for L-ABA (792 versus 582 ng g ÿ1 DW, respectively), diameter of the roots for both node A (4.9 versus 3.5 mm, respectively), and B (3.3 versus 2.1 mm, respectively) and root branch (5.3 versus 4.3). For all the other traits the differences between the two families of BDLs were not significant. a Calculated as the difference between the (+/+) and (ÿ/ÿ) mean values. *, ** Significant at P <0.05 and P <0.01, respectively; ns not significant.
b Data refer to actual percentages, while the ANOVA was conducted on the angular transformed data.
The comparison between the (+/+) and (ÿ/ÿ) groups of BDLs across the Os420 and IABO78 genetic backgrounds was significant or highly significant for L-ABA and several root traits (Table 5 ). As to L-ABA, the (+/+) group of BDLs showed, as expected, a higher mean value than the (ÿ/ÿ) group, i.e. 783 versus 591 ng g ÿ1 DW, with a QTL additive effect of 96 ng ABA g ÿ1 DW, or 14.0% of the overall mean. The (+/+) group also exhibited a higher mean value for the number of roots per node B (4.8 versus 3.8), root diameter for both node A (4.5 versus 3.9 mm) and B (3.0 versus 2.5 mm), root angle for node A (48.0 versus 41.98), root branching score (5.2 versus 4.4), whole-root dry weight (8.7 versus 5.8 g), and ratio between this latter trait and shoot dry weight (0.26 versus 0.19); therefore, the additive effect for all these traits was always positive, consistently with the positive effect found for L-ABA. Although differences between the two groups of BDLs were not significant for the number of roots per node A and the root angle for node B, it is noteworthy that the (+/+) group of BDLs showed higher values for both traits, thus strengthening the positive additive effect detected for the number of roots per node B and the root angle for node A. The only root trait showing non-significant differences for both node A and B was root length; however, it should be mentioned that the coefficients of variation for root length of both nodes were close to 20%, suggesting that the lack of significant differences (especially for node A) could be due to the high level of environmental variation affecting such traits. The superiority for the whole root mass of the (+/+) group compared with the (ÿ/ÿ) group can also be appreciated from Fig. 1 as it shows the root system at flowering of each of the four BDLs grown with moderate water stress.
The interaction (Os420.2 versus IABO78.2)3[(+/+) versus (ÿ/ÿ)] was not significant for any trait, indicating that the QTL effect did not substantially change from one genetic background to the other.
Discussion
QTL effects on L-ABA and physiological traits
Consistently with the well-known effects of water stress on maize, most of the investigated traits were significantly affected by the water regimes applied in the field and in the greenhouse, thus indicating the adequacy of such water regimes for the objectives of the present work. Interestingly, for both NIHs and BDLs the interaction water regime3genotype and its component water regime3[(+/ +) versus (ÿ/ÿ)] were always negligible, the only exception being L-ABA, for which a change in magnitude of the differences among genotypes, or between (+/+) and (ÿ/ÿ) groups of genotypes, was detected. The negligible role of water stress on the QTL additive effect for L-ABA and associated traits was also pointed out when the eight BDLs were tested per se in the field (Landi et al., 2005) . b Calculated as the halved difference between the mean values of (+/+) and (ÿ/ÿ) groups of BDLs. *, ** Significant at P <0.05 and P < 0.01, respectively; ns not significant.
c A and B: first node above and below the soil level, respectively. d As score for the lateral roots emerging from the crown roots, from 0 (no branching) to 9 (maximum branching). a Well-watered: irrigation continued up to tassel appearance (a few days before VT); moderate and severe water stress: irrigation interrupted at the V11 and V8 stages, respectively.
b Comparison between the three water regimes. *, ** Significant at P <0.05 and P <0.01, respectively; ns not significant. c A and B: first node above and below the soil level, respectively. d As score for the lateral roots emerging from the crown roots, from 0 (no branching) to 9 (maximum branching).
Altogether, these results indicate that the QTL additive effect on L-ABA and on the associated physiological traits is not much affected by the intensity of water stress, at least within the levels attained in this study. Therefore, in accordance with what was discussed by Blum (1996) concerning the distinction between constitutive and adaptive traits, the low level of the water regime3genotype interaction detected here indicates that the effects of this QTL on the investigated traits are generally constitutive rather than adaptive. On a breeding basis, a QTL with constitutive effects on a number of traits influencing the water balance and water use of the plant may contribute alleles that provide, more predictably, advantages under varying environmental conditions and rainfall patterns/water regimes, as recognized by Blum (1996 Blum ( , 2002 . Recently, Tardieu and co-workers have applied a modelling approach in maize to investigate the constitutive versus the adaptive effects of QTLs on morphological traits in relation to environmental parameters (Reymond et al., 2003; Tardieu, 2003) . In this respect, it will be valuable to follow a similar approach to ascertain, in greater detail, the influence of environmental parameters on the QTL effects for morpho-physiological traits (e.g. root and leaf elongation, pollen sterility, ovary abortion, etc) affected to varying degrees by ABA and which have been shown to influence final grain yield (Saini and Westgate, 2000; Tuberosa et al., 2002; Reymond et al., 2003) .
The QTL additive effect for L-ABA averaged across water regimes was always sizeable and, when referred to the genotypes' mean, was c. 14% for both the NIHs in the field and the BDLs in the greenhouse. The average additive effect of the QTL was c. 11% for the BDLs grown in the field in a previous study (Landi et al., 2005) and 12% in the study conducted on 80 random F 3:4 lines obtained from the same cross (i.e. Os4203IABO78; Tuberosa et al., 1998) . All these findings consistently indicate that the QTL additive effect for L-ABA is stable, irrespective of the vigour of the tested materials, i.e. of their inbreeding coefficients (which should be equal to 0 for NIHs, 0.88 for F 3:4 lines, and should be close to 1 for the BDLs). Conversely, the dominance effect (as pointed out by the study on NIHs) was negligible. The much greater importance of the additive versus the dominance effect fully accounts for the marked changes of the allelic frequencies at the QTL following a divergent selection for L-ABA on the source F 2 of the cross Os4203IABO78 (Landi et al., 2005) .
With respect to the associated effects on physiological traits, the additive effect of the QTL was negative for SC, consistent with the well-known role of ABA in reducing SC (Quarrie, 1991) . Interestingly, the additive effect estimated on four NIHs (ÿ0.03 cm s ÿ1 ) was the same as that estimated on 80 random F 3:4 lines investigated by Sanguineti et al. (1999) , thus indicating the stability of the QTL effect across generations, not only for L-ABA but also for SC.
Contrary to SC, no associated effects of the QTL were found for RWC and WP. As to RWC, the lack of associated effect is in contrast with the findings of the study on the eight BDLs in the field in which a significant and negative additive effect of the QTL was detected (Landi et al., 2005) . At least in part, such a discrepancy might be due to differences among the dynamics of drought episodes experienced by the plants from one environment to the other, especially with respect to the intensity of the stress and/or to the plants' growing stage in which it occurred. Additional factors possibly involved are represented by the level of the soil water table and the intensity of evapotranspiration during the RWC measurements. For WP, the results presented here are consistent with those reported by Pekic et al. (1995) and by Landi et al. (2001) , who found that materials differing in L-ABA did not significantly differ for WP. This lack of relationship between L-ABA and WP is not surprising because maize, an isohydric species (Tardieu, 1996) , maintains a stable water status at varying stress conditions by regulating SC.
QTL effects on agronomic traits
With respect to the agronomic traits evaluated on the NIHs, the QTL showed a strong negative additive effect on root lodging, as the (+/+) group of NIHs was much less susceptible than the (ÿ/ÿ). This finding is consistent with what has been reported previously in a preliminary study on a pair of NIHs (Landi et al., 2005) , thus suggesting that this associated effect is also quite stable across environments. It is well-known that root lodging in maize depends on both root architecture affecting the strength of root anchorage to the soil and the leverage effect exerted by the wind force on the plant. Because no significant differences between the (+/+) and (ÿ/ÿ) NIHs were detected in both the preliminary and the present study for plant height, it seems plausible that such differences in root lodging were mainly, if not solely, due to differences in root architecture.
In contrast to root lodging, the QTL had no significant effect on grain yield. This finding is consistent with the preliminary results of Landi et al. (2005) and would suggest that grain yield is not much affected by the QTL in question. However, considerable caution should be exerted in this regard because, in all the field trials considered here and by Landi et al. (2005) , root lodging occurred before flowering or just a few weeks after flowering, i.e. when grain yield potential was still not fully determined. Therefore, the (ÿ/ÿ) NIHs, more heavily affected by root lodging than the (+/+) NIHs, were probably more penalized in terms of grain yield because of the negative effect that can be exerted on this latter trait by root lodging (Carter and Hudelson, 1988) . This implies that, in the absence of root lodging, the (ÿ/ÿ) NIHs could attain a higher grain yield than the (+/+). This hypothesis is supported by the findings of several studies (reviewed by Saini and Westgate, 2000) reporting a negative association between ABA levels in cereals with seed set and, hence, with grain yield. In addition, a causal role of ABA has also been suggested for ovary abortion, the most important factor determining final grain yield in maize exposed to a water deficit during the reproductive phase, i.e. when the ovary is particularly sensitive to a decline in the supply of sugars (Boyle et al., 1991; Zinselmeier et al., 1999; Boyer and Westgate, 2004) .
QTL effects on root traits
The analysis conducted on the two pairs of BDLs in the greenhouse revealed that the investigated QTL also controls several root characteristics, with similar effects in both genetic backgrounds of Os420 and IABO78. Across the two backgrounds, the QTL positively affected root number, diameter, angle, branching, dry weight, and the ratio between root and shoot dry weight. This substantiates the hypothesis formulated on the basis of field data, i.e. that differences among NIHs for root lodging are mainly due to differences in root architecture affecting the strength of plant anchorage. In fact, several studies have shown that root strength is positively affected by characteristics such as root number, diameter, angle, and weight (Jenison et al., 1981; Ennos et al., 1993; Guingo and Hébert, 1997; Bruce et al., 2001) . Moreover, the higher root branching shown in the greenhouse experiment by the (+/+) group versus the (ÿ/ÿ) group coupled with a wider insertion angle of the roots on the main stalk may have been paralleled by a greater root density in the shallower soil layers under field conditions, further increasing the anchorage strength. In this regard, it is worth mentioning that Bolaños et al. (1993) found that maize populations with higher root density in the shallow soil layers were also characterized by a higher root strength. The involvement of the QTL near csu133 in the control of both L-ABA and root strength was also revealed by Lebreton et al. (1995) , based on the analysis of F 2 plants derived from the cross Polj173F-2. Interestingly also in that study, the additive effects of the QTL on L-ABA and anchoring strength were concurrent. On a broader scale and exploiting syntenic information, Landi et al. (2005) compared the QTL results for root traits of four maize populations with the root QTL data of seven rice (Oryza sativa, L.) populations. The highest frequency of QTLs for root characteristics in rice was observed in the region syntenic to the maize bin 2.04, further supporting the involvement of this chromosome region in the control of root characteristics. Moreover, this finding suggests that rice could be used as a model species to facilitate the positional cloning of the gene(s) responsible for this maize QTL.
Hypotheses on the genetic associations among traits
Until the cloning of the QTL on bin 2.04 is completed, it will not be possible to ascertain to what extent the effects on all the above-mentioned traits are due to linkage between the gene(s) for L-ABA and the gene(s) for the associated traits and/or to the pleiotropic action of one or more genes. However, the consistency of all such effects and their similarity with those detected in materials unrelated to those considered here (Lebreton et al., 1995) suggest that pleiotropy is probably involved in this respect. The assumption could be that the QTL marked by csu133 directly controls one trait only, i.e. root architecture, while affecting L-ABA and other traits through a sequence of causally related events, according to the general model described by Lebreton et al. (1995) and Tuberosa et al. (2002) . In this respect, it should be mentioned that a preliminary investigation on the two pairs of BDLs tested in the greenhouse showed that the QTL had no significant effects on L-ABA before the V13 stage (S Giuliani, unpublished data). Conversely, in 2003, differences among NIHs for root lodging were already noticeable at an earlier stage (i.e. V10-V11). Therefore, based on these observations, this model hypothesizes that the (+) allele provided by Os420, as compared to the (ÿ) allele of IABO78, may determine a larger root system with a wider insertion angle (i.e. a more horizontal root development). This, in turn, may increase root density in the superficial soil layers, thus accounting for the greater root lodging resistance provided by the Os420 allele. In addition, because the more superficial soil layers dehydrate more quickly, even under irrigated conditions, a larger and more horizontal root system implies a greater flux of xylem ABA towards the leaf, thus accounting for the higher L-ABA and lower SC of the (+/+) NIHs. Therefore, it is suggested that the QTL on bin 2.04 should be named root-ABA1, to emphasize its involvement in the control of both root architecture and L-ABA.
Conclusions
These results indicate that root-ABA1 exerts an important effect on L-ABA and that this effect is stable across various levels of water stress and of plant vigour of the materials tested. Moreover, this QTL exerts important effects on root architecture, root lodging, and stomatal conductance. Such associated effects are probably due to pleiotropy, with root-ABA1 directly influencing root architecture and growth, particularly in the more superficial soil layers; the effects on L-ABA and the other traits then follow as a sequence of causally related events. To elucidate the genetic basis of these associated effects, the fine mapping of the QTL will be undertaken using as base materials crosses between (+/+) and (ÿ/ÿ) BDLs in the Os420 background as well as in the IABO78 background. The fine mapping of root-ABA1 is an essential prerequisite to undertake its positional cloning, which would represent an important contribution towards a more effective and accurate manipulation of root architecture, a complex trait involved in crops' adaptation to drought and other abiotic stresses.
